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Generation of e l ec t r i ca l  power i n  space i s  a very important 

aspect of space f l igh t .  Many of t t e  prob1e.x of  the  exploration and 

u t l l i z a t l o n  of  space would ’be so  mum simplGs if m o m  power T L ~ L ‘ C  

available i n  the  vehicles. 

weight however, and weight i s  sharply limitcd by the  capabi l i ty  of the  

launching rockets. Different energy conversion schemes a re  thus con- 

sidered good o r  bad primarily on the basis of parer-to-weight ra t io ,  

with other character is t ic  features of  a pc-trticular system of less im- 

I 

Increased power generally requires increased 

portance except t o  the extent t h a t  t h a y  aff+-.ct the power-to-weight r a t io .  

The most casual review of the literature reveals a wide variety of 

energy conversion system being actively considered and developed now. 

NASA recognizes several  major ar;8 dis t inc t  categories fo r  solar energy - 
conversion systems alone ranging through SLotcvoltaic, themo-electric,  

thermionic, magnetofluiddynamic, tvrbo-electric, and so forth. Dielectr ic  

energy conversion does not fit well i n t o  any of these established cate- 

gories, and in fact has not been widely regarded as a promising power 

supply. Curiously huwever, a number of analyses o f - d i e l e c t r i c  systems 

have been presented asd the  conclusions have been generally favorable 

with regard t o  power-to-weight r a t i o  t o  the  extent t h a t  it has been. 

coasidered. 
I , 

These aaalyses include a nm’oer of papers by S. R. Hoh 

starting in  1959,’ a paper by myself i n  3960, NASA TN D-336,2 and 

an analysis  by J. D. childress i n  1962. 3 
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The pupose of this paper i s  t o  pursue t h e  walys i s  of  d i e l ec t r i c  

energy conversion t o  a point where a reasonsble accounting can be rmde 

of t're ;?over output, losses, and i te . is  of vei&t; i n  space power systems 

of this type. Equations a re  deVelGp22 for per fomnce  i n  terms of 

d i e l ec t r i c  properties, and your close at%er:-L:GIi .to the d e t a i l s  ,of this 

Cevelopzent i s  invited. The r e sz l t s  are t h?n  applied t o  a specif ic  

conp-rison fo r  a typ ica l  space vehicle pay-load. 

The principle of energy conversion i n  a d i ? k c t r i c  can be de- 

scribed by referr ing t o  this  f i r s t  sl ide.  (Slice l). A varizble 
i 

1 capacitor i s  characterized by two 6iI"leren.t values of capacitance C 

C2. 

t a m e  C1 t o  a voltage Vl md a charge = C,V,. Opening. t h e  switch 

S i so l a t e s  the  capazltor elec-3;rically so t lmt i n  chmging the capxi -  

tance frsz C t o  C i t s  charge remains constant and i t s  voltage under- 

goes a cknge  from V 

be caused by a tenperatare change i n  the die lec t r ic .  

can now be closed and the charge completely removed through a load 

Closing o f  t he  switch S1 p e m i t s  charging of the  i n i t i a l  capaci- 

1 

1 2 

to V2. The change i n  capacitance i s  assumed t o  1 
The switch S2 

reg is tor  assumed capable of absorbing all t h e  energy u s e m y ,  r e d u c i q  

the  capacitor voltage t o  zero. 

t he  capacitor from C 2 t o  i t s  or iginal  value C1. 

cui t  losses  are  neglected and th i s  idealized procedure i s  repeated 

The cycle i s  then completed by restor ing 

I f  switching and c i r -  

f 

times per second, the  power developed i s  the  difference between. th~t. 

sugplied by the bat tery and delivered t o  %he load. - 
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charge on the capacitor i s  zero. 

This s h p l i f i e d  c i rcu i t  i s  helpf'ul i n  Sescribing principles but 

not very satis1"yin.g for c r i t i c a l  a;.,alysis 'czcause of the neglect of 

po-\lrer losses i n  the  c i rcu i t  which niay be LTXyDXIXLLL. I n  the next 

s l ide  (Slide 2) a more pract ical  c i rcu i t  i s  shoim. Note f i r s t  that 

the  bat tery connection i s  now such that chzrge drawn fro= the  bat tery 

V i n  charging the  capacitor i s  later restcred on discharging the  

capacitor, s o  t h a t  the net drain cn the  bat tery i s  only that due t o  

capacitor 1ealmge.resistance i s  s ~ i o i m  as R 

Both are flrnctions of temperature due t o  heat f l o v  i n  an& cut of the  

d ie lec t r ic ,  and may a l s o  be f'unctions of voltage stress. 

R1 i s  defined i n  terms of T a@ V, one could i n  principle get an 

zverage valw or" - 
R 
temperature are involved, and i n  the applicaticrrs considered follow- 

i n g  this win be the case, 

of R, a t  the man teq)era.ture of the  d ie lec t r ic .  

Tke &'pckbr l&.kkWe 
i n  para l le l  with C(T).  A e 

Assuming 

\ $2 
for a cycle and represent t h i s  by where vz 

% Rb 
i s  Scm effective vdue  of Rz. mere oriiy small changes in L 

is approximately equal t o  the value 

Switching i s  considered t o  be accompllshed by the  s i l icon-  

ccntrol led-rect i f ier ;  SCRl a,nd SCR . 
2 

tance of the  SCR i n  the  forward direction i n  ser ies  with the  inductor 

The resistance Ii i s  the  res i s -  

and c i r cu i t  resistance. The inductors L a re  Recessary t o  minimize 

suTtching l o s s ,  since it i s  a Tact, for exmple, that closing a 

switch t o  charge a condenser contairAng crdy a capacitor and bat tery 

r e su l t s  i n  a,n unrecoverable svitcking enerzy l o s s  equal t o  the  energy s-bd 

I 
I 
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.i-a I3 I C 2  c y c k  cf charge and discharge 3y a lector cl" ti-gyoxinately - 2 ''3 

R, L, and C2.  

Note a l s o  another very import.xxii fee t -ze  which tile iiductaace 

provides, which i s  the  complete charge and discl-Cree of the ca>2citOr, 

resul t ing i n  maximum power outpxL for a given capacitance chzqe .  Du- 

ing the  c h r g i n g  cycle, the voltage on t h e  capccitor r i s e s  t o  a value 

nearly twLce that of VB 

l a r ly ,  i f  the  bat tery i n  pa ra l l e l  ; r i t k i  the load i s  selected t o  nave a 

voltage equal t o  Vb -2 - \  then cn aischrging the  capacitor through 

SC% t he  voltage oa the capacikor goes coapletely t o  zero while a steady 

due t o  tlx preser-ce o f  the  inductance. Simi- 

e% 
Output voitage of i s  ma.in%ziaed. 

'The perfdrmance o f  tl?is c i rcu i t  i s  smzmrized i n  the expression 

T h i s  c i r cu i t  model is efficient and w i l l  be assumed t o  apply i n  the 

f oS!-owing a n d y s i  s . 
For t h e  cycle considered here, variations i n  capacitance a re  accoa- 

plished tlhrough changes i n  temperature o f  the  film. A t  any temperature 

of t h e  film there i s  a corresponding value or" capacitance as shown orr 

t h i s  next s l i de  (Slide 3). 

'oy sone small amount 

It i s  11cv assmzd tbt the  tenperature var ies  
m 

from ar- average value To, and tha t  the  capaci- 
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t -xe  var ies  l inear ly  with texp3ra-LTa-d over this reZion of in te res t ,  SO 

t h a t  

f0ir 

A d  

E On substi tution, t o  the  first order i.n --? 

One can then consizer i n  d e t a i l  the ",a,erature extremes for the  

d ie lec t r ic .  The situatioa being cansiderec?. i s  shown ir, t h i s  next  

s l ide :  (Slide 4). A cyl indrical  thin fihi i r ;  rotating i n  space E t  a 

ro t a t iona l  frequency f. ' A heat b d a n c e  eiiuation can be considered 

i n  which t he  heat input is considered t o  be en t i r e ly  clue t o  radia- 

t i o n  from the  sun. 

t h e  outer surface according t o  the fourth power of the  surface t e m -  

perature gradient across the  f i h ,  and negligible beak CoEducted d o n g  

Eeat output i s  through radiat ion in to  space from 

the  f i l m  conpared with t lmt radiated. .The d i f f e ren t i a l  equation defining 

-the temperature va r i a t iom for  these conditions i s  derived i n  ?&SA TTJ 

D-336, and i s  shown on t h i s  next s l lde .  (Slide 5). 



freqwacy, f ,  

city, c,, suri"ece exiss ivi ty ,  & , the Jc:Je equivalent, 3 , a116 the 

Stephen-Bol-cmr!! Constant, . i : O t e  21% th& '1 i s  the equivalent 

fiL2 density, r , f i b L  thic;.nsss, 1 , specif tc  neat car,e- 

e 

black-body, subsolar teapera twe at a given rad ia l  d i s t a c e  from t h e  

s a .  Thcs 72 T i s  merely the equiliijriuii teupera'kure that a 

sec-iicn cf the fila vould achieve i,<i-&h i t s  surface normal t o  the solar 

e 

Cirection. 

The dotted sine curve, ?=a, rcpresents ze r s  r o t a t i o m 1  speed f o r  

exanple. 

extrene, small values of represe:i%ing rapid rotz'cion where the 

teraperature extremes are small. There is a particularly interesting 

Ih the present analysis attentior, i s  Airected t o  the ogposite 
-\ 

solution f o r  this case w h i c h  can be aerivea by assuming that the 

temperature of the film is some steady TQ v i t h  superimposed increraental 

var ia t ion T(e). 
N 

The temperature equation caa then be l inear ized in  a 

m e r  consistent with the  equation f o r  power developed ea r l i e r .  Tkiis 

i s  shown i n  the  next s l i de  (Slide 6). Where T i s  represented by a 

Likewise t h e  right hand side of the texperztme equ&ion e a  be 

represented by a Fourier ser ies .  The sine t e r n  for the heat input 
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se t  or" alzsbraic equations, tvo  for ezch f3:zqce:icy, cortaining t h e  -m- 

This i s  a gmkifyirgly s h p l e  so l - . i t i a l  and cui  be shown t o  apply over a 

wide range of as shum 5 3  tlils :;e:& s l iZz .  (SlL&e 7 ) .  iiere wz have 

corqared t h e  precise numerical solutions from NASA TN D-336 f o r  t w o  

different tempemture conditions brith the l inear ized solutroa] m.d\the 

l inear ized value i s  shown t o  app,ly -Lit11 r~:asora?de accuracy for values 

of less than Z e r  ?I<. Acce?carx?,ol this l inearized value then 

p e m i t s  closed solutiocs for ef3iciency iLn2 perforsance of energy cm- 

L?, 
b 

version as shown i n  t:his cex t  slid?. (S1iZ.e 8). T h z s  the  Cainot 
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c 
Sizce t h e  iscident power per u n i t  2x5. due -GO solar radi&ior- i s  

$2.1- t l n e s  2 shape factor  - , t h e  overall erergy conversion efficiency 

QTc 
\ 

In reviewing these fonrmlas it wiXL be noted tkit the pover 0-xtp-k and 

overall efficiency are dependent on the energy which can be stored i n  

a dielectr ic ,  +&E: ma ir,-this respect there i s  2 cmmm in5eres-k 

with developxent of 'd ie lectr ics  f o r  o ther  pxpses .  Note a l s o  tht 

.- I 

i n  the brackets is the first  ~ s i - a ~  It ca:i be conckded Tron t h i s  t k z t  
9 



22ctors are tirat the  d i e l ec t r i c  sbu.LLU be a very l o w  vapor pressure 

solid, be mecknically s t rongJ  r I - .s is ta t  ti; radiation dimage. 

Ferroelectric naterfals have bee2 xm'tioflcd XGL% r"rsqdently fo r  these 

deVlCeS because of high dielectric constant and change of c a p e c i t a c e  

v5th tenperzture. Fhs'cic f i lms  m y  weil have superior performance 

because of hlgher dielectric strength, and b e t t e r  mechanical ELL.$ ';hemal 

properties i n  thin f i l m s .  Studies o f  cczTarztive g e r f c m c e  arz  ~ G V  

v e q  d i f f i c u l t  because of the lack  of test data for the conditions of 

ir;t ere  st. 

One csn, hcwever, get an eppreciction fGr this t~ype of power &=At 



assembling a l i s t  of t h i s  type i s  t'=;2", values 02 d ie l ec t r i c  strength, 

d ie lec-x ic  c ~ i i s t a t ,  and leakage factor  hme not been measured =der 

conditions considered. These tabulated figures inserted i n  the  peviously 



4- ~,o-hal w e l @  or’ circ-&trjr, dieiec-cric film, wises, a d  s t i f feners  i s  

estixated t o  be 3 p o n d s .  

v i t h  sone ecp3pmnt 02-t GQ 3ocms ti-&< was i2siC.e t h e  vehicle on the  okher 

versicn, and considerable change ir zte-oi-2 ;~“,cn sys-~cm aG a t e m  

S0y-e -.-cdesign c: t k e  v2hicle i s  a l s o  indicated, 

oui;si.de tne power subsystem can .be traded off evenly f o r  20 ae t  cl=az,ne > 

t h e 2  the  ve5l:le ~ ? i g h t  P I S  bee2 * --=-;i-n-d U-hbL 3 go-ads t o  a weight 02 i@ 



1. 

r\ C .  

3. 

4. 

5. 

6. 

1 3  



0 

i is3 

r 

- 
I 
! 
I 
I 



-r 
. 

LLI 

,--. 
I- 

! 

L 

1 

I 
i 
i 

I 

i 
f 

I 

t 

i 
i 
! 
I 

I ,  

f :: 
1 .  , ..* 

1 <- 

, 
! - I  

-. .-. 

-!O! 

I1 
c 



___I. ......... ~ 

- . .  . .  ... I . .  

.-_- .. 1 ....... / .  _. . 

i t  

i 
! 

-%-- 

- IN  
ii _ -  .P 

li 

. .  
- _ / -  

i 

i 



I 

1 
. . "  

.I_ .) 

, ... 

' ., .. . , 
I-- . .  
.I.... 

% r' 

..I . 

~i 

.- .. 
0' .. . i 



" .. 
. -. 
L -  

.I 

,- 

. _. - .. 
.... ,- 

-.. , I ,. .- f .. -.. 

.. . . 

..- 
\.I I -. 
3 
_. 
~- 

I, . 

18 



$'. ' ---.- 

t 

19 



”. 

-- I1 * 

I 
m >.< 
P 
0 
1 

I- 

\, 



c 

I 
go 

0 
3 

I1  

PI! 

-0 
-+ 
c 
i-5 

W 
t 

I 

u 
z 

21 



n 

.-. :. , . . .  .- 

. .  
v, 

32 

I- 

f 
I 



C3 
m 
I- 

L 
+ 
4 
21 
m 

4 - 9 0  -< n7 
" r "' 

c) 
0 

L I 
ZE " 

m 
0 x 

8 

-0 
Q 
I- -< 

10 

x 
03 

w 
>c 

c 
0 n 

P 

23 





! 

/ 

.,- 
I 

! 

m x 
v) c 

- 

(.. . .. . 
, (  

a .  

"!? .. . .r: 


